Calculation details

Thermodynamic Analysis
Herein, some standard formulas of statistical mechanics were used to calculate the free energy corrections including zero-point-energy (ZPE), thermal energy and entropy derived from partition functions 1, 2 .
For surface adsorbates, only vibrational contribution was considered, including ZPE, vibrational thermal energy and vibrational entropy. The ZPE correction is given by:
where h is Planck's constant and νi is vibrational frequency i which is calculated based on the harmonic oscillators approximation 3 . The standard molar vibrational thermal energy contribution is calculated by:
where R is the gas constant and kB is Boltzmann's constant. The standard molar vibrational entropy is calculated using the following expression:
Therefore, the standard molar Gibbs free energy for surface species in CO hydrogenation is obtained by:
where Etotal refers to the total energy obtained from DFT calculation, and P is the partial pressure of the gas phase molecule. While thermodynamic corrections for the gaseous species were calculated from Shomate equation. These correlations were all obtained using CatMAP 4-7 code. According to Nørskov's work 8 , the reaction temperature was set to 523 K, and 0.01 bar, 0.97 bar, 0.01 bar and 0.01 bar were used for the partial pressures of CO, H2, H2O and CH4, respectively.
Microkinetic Model
In this work, four reaction sites were assumed to involve in the reaction on mono-phase surface, namely the top of the step, the B5 site, the upper terrace and a hydrogen adsorption site 8 . The species on the top of the step included the CO*, OH* and O*, while low coordinated species (CH* and C*) were assumed to be adsorbed on the B5
site. The adsorption and hydrogenation of CH2 and CH3 were calculated on the upper terrace, and the hydrogen adsorption site was only available for hydrogen adsorption and dissociation.
As shown in Fig. 2 in manuscript, the microkinetic model of bi-phase surface AB includes three reaction sites: the upper terrace of A, the interface of AB and the lower stepped B. On the interface between A and B, the low coordinated species (CH* and C*) are adsorbed and hydrogenated similar to the B5 site mentioned in mono-phase surface. Furthermore, the CO dissociation was also calculated on the interface, due to the high activity of B5 site 9, 10 . Therefore, the following reactions were considered on interface (*u and *i stands for the reaction site on upper and interface, respectively; * is the hydrogen adsorption state mentioned above): The microkinetic models of both mono-phase and bi-phase surfaces were solved using self-consistent mean field approach. Steady-state solutions of microkinetic model were found using a multi-dimensional Newton's method algorithm. The numerical 3-D volcano curve are obtained using the scaling relations 11, 12 between the adsorption energies of C and O and the adsorption energies of all the other species and energies of transition states. These methods are all implemented in the CatMAP 4-7 code, which is a python package developed in Nørskov's group for automatic generation of microkinetic models using the descriptor-based approach. The initial coverages for all the species were generated by CatMAP using Gibbs distribution, and 100 digits of precision were used to overcome the stiffness of the kinetic equations with the help of Python mpmath library 13 . More methods details in equation solving, linear regression, etc. can be found in the ref. 7 .
Figure S1
The comparison of oxygen adsorption energies on the step edge of bi-phase surface, AB, (EObi-phase) and on the step edge of the mono A stepped surface (EOmono). The point that falls far from the line was labelled. 
